The net primary productivity (NPP) of a plant community is often positively and linearly related to the amount of photosynthetically active radiation absorbed by its canopy (APAR). The slope of this relationship is governed by the efficiency (ε) of APAR use in biomass production (NPP = APAR ×ε). This intuitive model offers a promising means of generating large-scale NPP estimates, but its utility is compromised by our inability to explain considerable differences in ε across species, functional groups, and environments. Using data from the literature, we examined the possibility that variation in ε was governed largely by two chemical and morphological characteristics of the vegetation, canopy nitrogen content (N canopy ) and the canopy average for leaf mass per unit area (M area ). Specifically, we hypothesized that ε was positively related to the quotient of N canopy (adjusted for the fraction of incident PAR absorbed by the canopy, f PAR ) and M area . This ε index accounts for the dependence of light utilization on the quantity of photosynthetic "machinery" (N canopy ) and its inherent efficiency, which is inversely related to M area . Across a wide array of C 3 species, functional groups and environments, ε (based on aboveground NPP) was strongly and positively related to [N canopy /f PAR ]/M area (r 2 = 0.85, P < 0.0001). Adoption of the index as a basis for estimating ε could improve APAR-based predictions of terrestrial NPP, agricultural crop yield and vegetation responses to global change.
Introduction
Vegetation requires light energy to convert atmospheric CO 2 into essential organic compounds required for plant growth and maintenance. Accordingly, plant biomass production by terrestrial vegetation has been observed to be strongly and positively related to the canopy absorption of photosynthetically active radiation (APAR; Monteith, 1972) . The proportional relationship between net primary productivity (NPP) and APAR, known as the light-use efficiency (LUE) or epsilon (ε) model, is commonly used to explain and/or predict NPP variation in agricultural and forest ecosystems (Monteith, 1977; Jarvis and Leverenz, 1983; Ruimy et al., 1994; Runyon et al., 1994; Field et al., 1995; Gower et al., 1999; Sinclair and Muchow, 1999) . It is also viewed as a potentially effective approach for modeling the responses of NPP to global change (Field et al., 1995; Haxeltine and Prentice, 1996; Hui et al., 2001) .
The relationship between plant productivity and APAR is governed by ε (defined either as NPP/APAR or the slope of NPP vs. APAR), which integrates all photosynthetic and respiratory processes. The ε model offers several unique advantages in that it is uncomplicated, soundly based physiologically (Jarvis and Leverenz, 1983; Medlyn, 1998) , and applicable to remote sensing (Landsberg et al., 1997) . However, the operational potential of the ε model suffers from some critical shortcomings. First, accurate estimates of ε are difficult and expensive to acquire. And, contrary to the results of initial studies with crop species (Monteith, 1977) , ε has been found to vary considerably across a broader array of species, functional groups, and ecosystems (Ruimy et al., 1994; Gower et al., 1999; Sinclair and Muchow, 1999; Campbell et al., 2001; .
Differences in ε have been related to numerous intrinsic and extrinsic factors, including species, photosynthetic pathway, leaf gas exchange and nutrient content, soil resource availability, atmospheric vapor pressure deficit, temperature and radiation environment (Sinclair and Muchow, 1999) . Some studies have attempted to resolve variation in ε by exploring these and other potential determinants (Runyon et al., 1994; McMurtrie et al., 1994; Dewar, 1996) . For example, McMurtrie et al. (1994) used a physiological process model to predict the responses of ε to environmental variation. While such efforts provide valuable information, their requirement for extensive plant ecophysiological input make them somewhat unwieldy and expensive to implement. Alternatively, Field et al. (1995) suggested that a more accessible ε model might be created by exploiting the propensity of plants to integrate the influences of environmental conditions through adaptation and acclimation, such as changes in morphology and resource allocation, to accommodate ephemeral as well as chronic environmental constraints. In this vein, we hypothesize that ε is governed largely by two properties of the canopy, its total N content (N canopy , kg N ha −1 ) and its average leaf mass per unit area (M area , g m −2 ), which together capture much of the genetic and environmentally mediated variation in canopy photosynthetic potential.
Specifically, we hypothesize that there is a straightforward theoretical link between ε and an index that combines N canopy and M area . The N capital in a canopy is generally proportional to the amount of photosynthetic enzymes, pigments and electron-transport compounds available to utilize APAR (Field and Mooney, 1986; Evans, 1989) . Based on the assumption that efficiency of light use at any particular moment is a function of the relative amount of photosynthetic machinery per unit of light absorbed, N canopy is divided by the fraction of incident PAR absorbed in the canopy (f PAR ). This modification of N canopy helps to clarify its direct influence on ε as opposed to its role in canopy PAR absorption (Dewar, 1996; Haxeltine and Prentice, 1996) . Studies (e.g., Reich et al., 1997; Poorter and Evans, 1998; have shown that photosynthetic N-use efficiency is inversely related to M area across a wide spectrum of species and functional groups, and thus M area is assigned a similar role as the denominator in our ε index. Thus, the index becomes [N canopy /f PAR ]/M area . Our primary objective in the present study is to assess, through analysis of published data, the degree to which variation in ε within and across functional groups and environments is explained by the index in comparison with models containing its component variables alone or related attributes (e.g., leaf N content) that are regarded as potentially important determinants (Sinclair and Muchow, 1999) .
Materials and methods
Most data on ε and related canopy attributes were obtained from published studies 1 (Table 1 ) involving numerous C 3 species from several functional groups, including evergreen woody species, deciduous woody species and herbaceous species (e.g., annual and perennial forbs, grasses and legumes). As few of these studies measured total NPP, calculations of ε for this analysis were based on aboveground NPP. All data were standardized and converted to the same units to avoid inconsistencies often associated with ε modeling (Gower et al., 1999; Sinclair and Muchow, 1999) . For example, ε was taken to be the quotient of aboveground biomass increment (g m −2 ) and the amount of photosynthetically active radiation intercepted by the canopy (IPAR, MJ m −2 ) during a given time interval. As APAR is rarely measured (because of the difficulty of obtaining canopy reflectance), and IPAR was used as a necessary surrogate. This approach is regarded as a reasonable alternative given that APAR and IPAR Table 1 Data on LUE (ε) and associated canopy attributes, including canopy N content (N canopy ), the canopy average for leaf mass per unit area (M area ), leaf area index (L), and the canopy average for leaf N concentration (N mass ), used in the present analysis a generally agree within 4% (Gower et al., 1999; Russell et al., 1989) . When ε had originally been calculated using total solar radiation, we divided ε by 0.46 to convert to a PAR basis (Weiss and Norman, 1985) . In studies where ε was not reported (Gholz and Fisher, 1982; Shaver and Chapin, 1991; Jose and Gillespie, 1996) we calculated it based on ANPP and incident radiation data. In these instances we calculated IPAR based on a 30-year average of total solar radiation measured during the growing season at a monitoring station near each study site (Renewable Resources Data Center, 2002) . The period during which ε was measured ranged from several weeks to one year among studies. For annual crop species, ε was based on crop growth before anthesis. In the case of Runyon et al. (1994) , ε was readjusted to account only for losses in APAR owing to freezing temperatures. It was frequently necessary to derive target variables from related data. In a number of cases the canopy average for leaf mass per unit area (M area , g m −2 ) was calculated as the quotient of total foliar biomass (g m −2 ) and leaf area index (L, m 2 m −2 ). Canopy N content (N canopy , kg N ha −1 ) was at times determined as the product of L and leaf N content (N area , g N m −2 ) or total foliar biomass and leaf N concentration (N mass , mg N g −1 ). The proposed ε index was calculated as [N canopy /f PAR ]/M area or its mathematical equivalent [LN mass /100]/f PAR (when M area was not available). When target variables were measured more than once during a growth interval, we took the mean of those values. Similarly, when index components were simultaneously measured more than once, we used index values calculated on each occasion to generate a mean. For example, Kiniry et al. (2001) measured L and N mass on five sampling dates for each of two years, from 13 May 1999 to 22 July 1999 and 16 May 2000 to 12 July 2000. The index was determined at each sampling date and averaged across the five dates per year. Likewise, in the case of Belanger and Richards (1997) we calculated a mean for the index based on values from each of five sampling dates (from 10 May 1993 to 18 June 1993). We did not use the summer data from Belanger and Richards (1997) pertaining to crop growth after mowing. For Giunta et al. (1995) , ε was determined through the period from stem elongation until heading, and corresponding index values were averages of seven L and N mass measurements made during the same time period. A similar strategy was used in the case of Sadras and Wilson (1997) between days 56-112 in the first experiment and days 60-130 in the second experiment. When f PAR was not provided, it was calculated as 1 − e −kL (Gower et al., 1999) . The light extinction coefficient (k) was frequently reported, but where it was missing we used published species-specific values or, for Shaver and Chapin (1991) , a default value of 0.5 (Campbell and Norman, 1998) .
Combining all data, relationships between ε and its potential determinants, including the proposed ε index, N mass , N area , N canopy , L and M area , were analyzed by linear regression procedures in SAS (SAS, 2000) . Relationships were examined both within and across functional groups.
Results
Data from a variety of species in different functional groups and environments provided considerable diversity in ε (e.g., 0.09 g MJ −1 in Fraxinus uhdei to 2.89 g MJ −1 in Hibiscus cannabinus) and several of its potential determinants, including M area , N mass , N area , N canopy and L (Table 1, Figs. 1-3) . Among canopy variables, the strongest predictor of ε across all data was the index [N canopy /f PAR ]/M area , or its mathematical equivalent (LN mass /100)/f PAR (Fig. 1). 2 Notably, the slope of the relation between ε and the index did not differ among functional groups (P = 0.79). But at a given index value, ε was about 0.3 g MJ −1 higher (P < 0.0001) for herbaceous species than for evergreen or deciduous woody plants.
While the index was more effective than any single canopy trait in explaining ε variation across all data (Figs. 1-3) , ε was strongly and positively correlated 2 The potential for autocorrelation between ε and the index exists because APAR is present in the denominator of both variables (ε = NPP/APAR; index = (N canopy /M area )/(APAR/PAR), where PAR is incident PAR in MJ m −2 ground area per year). Removal of APAR from both variables leaves NPP and PAR × N canopy /M area . In the present analysis, the strength of the relation between ANPP and PAR×N canopy /M area (r 2 = 0.76, P < 0.0001) was very similar to that between ε and the index (r 2 = 0.79, P < 0.0001), based on the subset of data where PAR was available (n = 71). This result indicated that there was minimal autocorrelation between ε and the index in our analysis. with N mass , N canopy and/or L in particular functional groups. A sizeable amount of ε variation was explained by N mass within the deciduous woody group (r 2 = 0.57, P < 0.0001, Fig. 2A ), by N canopy within each of the three groups (r 2 = 0.63-0.81, P < 0.0001, Fig. 2C ), and by L within the herbaceous and deciduous woody groups (r 2 = 0.63-0.73, P < 0.0001, Fig. 3A) . Furthermore, a significant inverse relationship between ε and M area was observed in the deciduous woody group (r 2 = 0.39, P = 0.0003, Fig. 3B ). In each of these cases ε was significantly related to a component of the index that varied much more than its counterpart. For instance, among herbaceous data the range in N canopy (significantly correlated with ε) was about 10-fold, while the variation in M area (not significantly correlated with ε) was less than 5-fold.
Discussion

Mechanistic links between ε and the index
Numerous studies provide support for the widespread use of N content as an index of the amount of photosynthetic enzymes, pigments and electron- transport compounds in a leaf or canopy (Field and Mooney, 1986; Evans, 1989; Hollinger, 1996; Reich et al., 1997 Reich et al., , 1999 Peterson et al., 1999) . While positive correlations between ε and measures of foliar N have been observed by several investigators (Sinclair and Horie, 1989; Muchow and Sinclair, 1994; Gimenez et al., 1994; Bange et al., 1997a; Choudhury, 2001) , such relationships are typically narrow in scope (within species or among similar species). When data are pooled among ecologically disparate plants (e.g., Fig. 2 ) a compelling overall trend rarely emerges. But, when we account for variation in M area , we see convergence in the relation between ε and N canopy across species, functional groups and environments (Fig. 1) .
We believe that the role of M area in the ε index ([N canopy /f PAR ]/M area ) reflects its negative influence on the efficiency of N use in leaf photosynthesis (PNUE, mol C g −1 N s −1 ). Although a clear link between M area and leaf-level PNUE has been established (Field and Mooney, 1986; Reich et al., 1997 Reich et al., , 1998 Poorter and Evans, 1998; ), a similar role for M area at the canopy level has seldom been explored. Atkin et al. (1998) found evidence for the latter, as canopy N productivity (quotient of net biomass gain and canopy N content) was negatively related to the canopy average for M area across several species of Acacia. The mechanistic link between PNUE (or N productivity) and M area has not been fully resolved, but the available evidence points to limitations on photosynthesis imposed by severe intra-leaf light gradients (Osborne and Raven, 1986; Terashima and Hikosaka, 1995; Reich et al., 1997 Reich et al., , 1998 ) and/or resistance to CO 2 diffusion (Lloyd et al., 1992; Parkhurst, 1994; Poorter and Evans, 1998; Garnier et al., 1999) within high-M area leaves.
The observed curvilinearity in the relation between ε and the index (Fig. 1) is not surprising given the expectation that the sensitivity of ε to changes in the index should decrease beyond a certain threshold. In other words, at some point there is diminished benefit of further increases in N canopy (relative to f PAR ) or decreases in M area owing to biophysical limitations. This might help to explain why N fertilization or other cultural treatments that further increase an already high index do not always yield noticeable gains in ε (e.g., Flénet and Kiniry, 1995) .
Unexplained variation in ε
The difference between herbaceous and woody data in the intercept of the ε vs. index relationship (Fig. 1 ) may arise in part from differences in C allocation. While there is little evidence to support a general difference between the two groups in C allocation belowground (Hunt and Cornelissen, 1997; Gower et al., 1999) , Dewar (1996) calculated that respiratory costs of maintaining a large woody stem would result in a decrease in ε. Other factors, such as variation in stomatal conductance, N allocation to photosynthetic vs. non-photosynthetic chemistry within the foliage, canopy structure and/or tissue construction costs, may also be involved (Evans, 1989; Goetz and Prince, 1998; ). Ares and Fownes (2001) found that the ε of forest stands was negatively correlated with 13 C discrimination (␦ 13 C), indicating that canopy light utilization may have been enhanced by increased stomatal conductance.
Additional ε variation can arise from a litany of potential sources, including unmeasured differences in canopy light reflection, temporal variability in canopy chemical or morphological attributes, soil moisture depletion, high atmospheric vapor pressure deficits, extreme air temperatures and other short-term stresses that compromise photosynthetic performance (Osborne and Raven, 1986; Stockle and Kiniry, 1990; Goyne et al., 1993; Runyon et al., 1994; Dewar, 1996; Poorter and Evans, 1998) , as well as undetected effects of herbivory or disease (Madeira et al., 1994) . Climate-mediated differences in the ratio of diffuse to direct-beam radiation and maintenance respiration can also affect ε (Dewar, 1996; Bange et al., 1997b; Goetz and Prince, 1998; Choudhury, 2001) . We anticipate that data on these factors and their influences could readily be incorporated as modifiers of the fundamental relationship between ε and the index.
Conclusions and potential applications of the ε index
Among all of the potential determinants that we examined, the proposed index appeared to provide the best overall integration of the numerous biophysical and biochemical factors that culminated in a wide range of LUEs. While its predictive capability is ecologically informative, the index's most significant contribution may lie in its incorporation into APAR models, which could substantially improve remotely sensed estimates of terrestrial NPP. Modelers already have access to accurate estimates of APAR for terrestrial ecosystems (Goetz and Prince, 1998) , and there are or may soon be feasible technologies, such as hyperspectral imaging systems, for accurately quantifying canopy L (Goetz and Prince, 1998; Levy and Jarvis, 1999; Turner et al., 1999) and, either directly or indirectly, N mass (Martin and Aber, 2001; Johnson, 2001; Inoue and Penuelas, 2001) . Thus, while estimates of one or both of the principal components of the index (N canopy and M area ) may remain difficult to obtain, remotely sensed values for components of its mathematical equivalent (N mass and L) are potentially within reach.
Although a wide variety of data have been included in our analysis, the breadth of the index's applicability remains uncertain. Additional research should further examine the index's utility across other species, functional groups, ecosystems and photosynthetic pathways (especially C 4 ). Of particular note, canopy attributes (N canopy , N mass , L and M area ) embodied in the index are known to be sensitive to changes in climate and atmospheric chemistry (Ceulemans and Mousseau, 1994; Haxeltine and Prentice, 1996; Pritchard et al., 1999; Saxe et al., 2001) . Thus, the index (if shown to be widely applicable) could not only facilitate the development of improved ε estimates for modeling terrestrial NPP and but also enhance our ability to predict vegetation responses to global change.
